Abstract: Twelve yeast strains isolated from the surface of Italian typical dry-cured hams, belonging to D. hansenii, D. maramus, C. famata, C. zeylanoides and H. burtonii species, and previously selected for their ability to grow in dry-cured ham-like substrates, were screened for antagonistic activity against a toxigenic strain of P. nordicum and inhibition of ochratoxin A (OTA) biosynthesis. On average, yeast inhibitory activity was lowered by increasing fungal inoculum and enhanced by NaCl presence. In the assay conditions, H. burtonii and C. zeylanoides were the most effective, both in inhibiting P. nordicum growth and OTA production. D. hansenii was the species with the lowest inhibitory activity, especially in the absence of salt. OTA production dropped from the range < LOD − 5000 ppb in P. nordicum control plates to the range < LOD − 200 ppb in yeast-added plates. OTA production increased in the presence of NaCl in P. nordicum control plates, while salt enhanced inhibition against OTA production in yeast-added plates.
Introduction
The mycete populations (yeasts and moulds) colonizing the surface layers of dry-cured meat products during maturation have been regarded as positively contributing to the chemosensory properties of final outcome, by means of oxidation prevention and generation of volatile compounds enhancing aroma [1, 2] . In the case of dry-cured ham, yeasts form a film on ham surface during early and intermediate processing steps, while moulds can develop fungal mycelium even after yeast growth [3] .
Among moulds isolated from dry-cured meat facilities and products, Penicillia were largely dominant, and the contamination levels have been found to be associated to the environmental conditions of ripening rooms [4, 5] , geographic area of production [6] [7] [8] and seasonality [9] . Among Penicillia, P. nordicum, a toxigenic contaminant of protein-rich food [10] , was isolated from air and products of dry-curing plants [5, 9] . Several P. nordicum isolates proved to be important producers of ochratoxin A (OTA), a mycotoxin classified by the International Agency for the Research on Cancer (IARC) as a possible human carcinogen, suspected to be involved in nephropathies and urothelial tract tumours [11] . OTA was detected in substrates contaminated by P. nordicum [12] , including dry-cured pork samples [13, 14] . Currently, the appropriate setting of environmental conditions (temperature, relative humidity and air circulation), is the only accepted tool to prevent the uncontrolled growth of P. nordicum inside dry-curing plants.
Biological control of P. nordicum contamination based on microbial antagonists can be investigated as a possible way to improve food safety without affecting sensory quality and properties of typical dry-cured meat products. As a rule, during manufacturing a wild yeast population spontaneously grows on dry-cured ham surface, achieving different counts according to processing stage and type [15, 16] . Yeast species isolated from ham during processing mainly belonged to genera Debaryomyces, Candida and less frequently to Cryptococcus, Rhodotorula and Rhodosporidium [15] [16] [17] . Native yeasts more frequently isolated from dry-cured hams were regarded as non-pathogenic with the exception of Candida zeylanoydes [18] and proved to be able of growing to high populations in conditions of temperature, pH, moisture, a w and salt typical of dry-cured ham surface [1, 19] . Recently, selected yeasts were added to dry-cured meat products as starter cultures to enrich the volatile compound profile [2, 20] . The antagonistic potential of yeasts against Penicillia has been considered for different food matrixes, such as cereals [21, 22] , coffee [23] , fruits [24] or fermented food like wine [25] , cheese and yogurt [26] . Recent studies report the use of antagonistic yeasts as surface starter cultures inhibiting fungal growth also in dry-cured meat products [8, 27] .
The aim of this work is to evaluate in vitro the ability of selected yeasts isolated from dry-cured ham surface to compete with P. nordicum and to inhibit OTA accumulation in the perspective of using them as surface starter cultures.
Materials and Methods

Selection and Identification of Yeast Species
Tested yeast strains (n = 12) were selected from a total of 270 isolated from dry-cured ham during the maturing process [15] and stored in the collection of Stazione Sperimentale per l'Industria delle Conserve Alimentari (Parma, Italy).
The yeast strains, selected in a previous study for their potential competition against P. nordicum and ability to grow in a dry-cured ham-like substrate [19] , were purified by repeated cultivation on Malt Extract Agar (MEA, Oxoid) and maintained at 4 °C on Yeast Peptone Dextrose agar (YPD yeast extract, 10 g; peptone, 20 g; glucose, 20 g; agar, 15 g and deionized water, 1000 mL) before use. Yeast strains were phenotypically identified as Candida zeylanoides (n = 2), Hyphopichia burtonii (n = 2), Debaryomyces hansenii (n = 2), Debaryomyces maramus (n = 3) and Candida famata (n = 3), by means of the Biolog system (Biolog Inc., Hayward, CA, USA). Furthermore, yeast cells from the pure cultures of the above-mentioned strains underwent genetic identification by sequencing the D1/D2 domain of 26rRNA encoding gene [28] . The strains phenotypically identified as belonging to C. zeylanoides and H. burtonii species were confirmed by genetic system, while the remaining strains were genotyped as D. hansenii.
Preparation of Yeast Inocula
Yeast cultures were grown in 10 mL Malt Extract Broth (MEB, Oxoid) at 25 °C for 48 h. Suspensions were prepared by inoculating 25 mL of YPD broth with a loop full of cells and incubating on a rotary shaker (180 rpm) at 28 °C for 24 h. The density of yeast cultures was determined spectrophotometrically by measuring their optical density at 600 nm.
Preparation of P. nordicum Inocula
An ochratoxin A producing strain of P. nordicum isolated from cured pork meat in a previous research [5] and identified at molecular level [29] , was used in this study; the strain was stored in the fungal collection of the Institute of Entomology and Plant Pathology, Università Cattolica del Sacro Cuore in Piacenza (code MPVP) and of the Federal Research Centre for Nutrition and Food, in Karlsruhe (Germany; code BFE 838).
The strain has been grown on Petri dishes (9 cm diameter) with Czapek Yeast extract Agar (CYA: sucrose 30.0 g; yeast extract 5.0 g; sodium nitrate 3.0 g; dipotassium phosphate 1.0 g; magnesium sulfate 0.5 g; potassium chloride 0.5 g; agar 15 g; ferrous sulfate 10 mg and deionized water, 1000 mL) and incubated at 25 °C for 7 days. At the end of incubation, 10 mL of sterilized water was added to the culture surface and it was gently scraped to remove most of the conidia for the inoculum preparation. The obtained conidial suspension was adjusted to 10 2 , 10 4 , 10 6 conidia/mL using a hemocytometer.
Inhibition Assay of P. nordicum by Yeast Strains
The assay was carried out by means of the test described by Bleve et al. [30] modified as follows. Experiments were performed on YPD agar medium adjusted to pH 6, with and without the addition of sodium chloride (3%). A top agar was prepared by mixing 6 mL of YPD with 0.7% agar and 1 mL of yeast suspension containing 10 8 cells to obtain a thick, continuous layer on plate surface. This suspension was distributed into Petri plates containing 15 mL of YPD agar media. Then, three 10 μL portions for each P. nordicum suspension corresponding to 10 2 , 10 4 , 10 6 conidia/mL, were separately spotted on each plate and incubated at 20 °C. The inocula of P. nordicum were carried out at the same time (co-cultured) and four days after the yeast-media preparation (delayed). Two replicate experiments for each condition were performed. Culture media (YPD and YPD +3% NaCl) plates not inoculated with yeasts were included as control.
Fungal growth was expressed as the average measure (mm) of two orthogonal diameters/colony after 14 days of incubation. The inhibitory activity was calculated by the Equation (1) reported by Lima et al. [31] : % Inibitory activity = fungal growth in control plate -fungal growth in treated plate) 100 fungal growth in controled plate
OTA Production by P. nordicum
Control and yeast-added plates inoculated with P. nordicum were analyzed for OTA content after 14 days of incubation. OTA was measured according to the method of Bragulat et al. [32] , modified as follows. The content of each plate, including fungal colony and medium, was transferred in a flask with a screw cap, added whit methanol 1:2 (w/v ratio), and left in dark extraction for one hour, shaking each 15 minutes. After filtration, 100 μL of extract was diluted according to Toscani et al. [33] , analyzing the final solutions by HPLC-FLD quantitative method. It was performed with a C18 column (Waters XTerra . OTA has been expressed as ng/g medium. The limit of detection (LOD) and the limit of quantification (LOQ) in plates were 0.2 ppb and 0.6 ppb respectively.
OTA Recovery in Yeast Treated Plates
Culture media (YPD and YPD +3% NaCl) were spiked with 500 ppb OTA/plate; then, the top agar was added with 1 mL of yeast suspension containing 10 8 cells in the case of test plates and with 1 mL of physiological solution in the case of control plates. Plates were incubated at 20 °C for 14 days and stored at 20 °C before OTA analysis.
Statistical Analysis
Data analysis was carried out using the SPSS software package (SPSS 15.0, SPSS Inc. Chicago, IL, USA). Data of yeast inhibitory activity and OTA production were inspected for normal distribution using the procedures Frequencies (mean, median, Skewness and Curtosis tests) and Kolmogorov-Smirnov test. Least Square Means (LSM) of yeast inhibitory activity vs. P. nordicum were estimated by means of General Linear Model (GLM) procedure for the main effects "yeast species", "salt presence", "fungal inoculum level" and their two-way interactions; the Bonferroni t-test was used to statistically separate LSM when P < 0.05. Percentile distribution of OTA amount in yeast-added-and control plates inoculated with P. nordicum, was analyzed using non parametric test (χ2 test), according to yeast species.
Results
Yeast Inhibition Activity Against P. nordicum
The biocontrol test was performed using 12 yeast strains selected among a far exceeding number isolated from dry-cured hams [15] . Yeast selection was made according to their capability of growing in meat model substrates simulating a w values, NaCl content, pH and nutrients of dry-cured ham surface, and exerting in vitro competition potential against P. nordicum [19] .
For each phenotypic species (D. hansenii, D. maramus, C. zeylanoides, C. famata, H. burtonii), at least two strains were included in the biocontrol assays, and tested strains caused a visible growth reduction of P. nordicum after 14 days of incubation, as displayed in Figure 1 . Diameters of fungal colonies were reported in Table 1 , both for control-(37-44 mm range) and yeast-added plates (5-11 mm range): differences in P. nordicum inoculum were related to colony diameters, because the larger colonies at 14 days of incubation corresponded to higher inocula. Inhibitory activity against P. nordicum was not influenced by yeast co-or delayed inoculation (data not shown). A different inhibitory activity against P. nordicum was found among yeast species (Table 2 ): C. zeylanoides and H. burtonii showed the highest inhibition (86% and 88% respectively) and D. hansenii the lowest one (58%). Assayed yeast inhibitory activity was affected by the concentration of P. nordicum inoculum: the growth of colonies from the lowest inoculum concentration (10 2 conidia/mL) was the most inhibited by antagonistic yeasts; similar growth was observed in colonies grown 10 4 and 10 6 conidia/mL as inoculum.
Salt is the basic ingredient of dry-cured meat products and its influence over yeast biocontrol was tested by means of NaCl addition in YPD medium. The presence of 3% NaCl increased (P < 0.05) the inhibitory activity of yeasts against P. nordicum, and a significant interaction between salt and yeast species has been found ( Table 2) .
As a consequence, the influence of salt over yeast inhibitory activity changed according to yeast species, as displayed in Figure 2 . Salt enhanced significantly the inhibition exerted by the halophilic yeast D. hansenii against P. nordicum (70% vs. 40% in YPD with and without salt respectively). 
OTA Production in Control and Yeast-Added Plates
Ochratoxin A production by P. nordicum was quantified both in yeast-added and control plates after 14 days of incubation (Table 3) : OTA values were grouped according to P. nordicum inoculum concentrations, and spanned in the range < LOD -5000 ppb. In control plates, OTA values associated to the lowest P. nordicum inoculum exceeded those found with higher inoculum concentrations. In plates with antagonist yeasts, featured by a sharp OTA reduction, the effect of fungal inoculum level was not so clear. A comparison was carried out between control and yeast-added plates to compare percentage distributions between groups (χ2 statistic). The yeast inhibitory activity over OTA production was significant (P < 0.001): control plates were mostly allocated to H group, the yeast-added ones to L group, while the frequencies of control and treated plates in M group were similar.
The effect of yeast species over OTA distribution in H, M and L groups is reported in Ochratoxin A values detected in control and yeast-treated plates were split with reference to salt presence in YPD medium (Figure 3) . In control plates, salt presence favored OTA production (Figure 3a) , while in yeast-added plates, an opposite result was evidenced (Figure 3b ). OTA analysis in spiked control and yeast-added plates had the same % recovery, showing that yeast presence did not affect OTA extraction from the growing medium (Table 6 ). 
Discussion
The microbial community growing on dehydrated surface of dry-cured ham during the maturing phase is dominated by several species of yeasts and moulds [15, 34] ; the former population, is present from early processing steps, while the latter becomes dominating during maturation [4] . The efficacy of native yeasts as biocontrol agents is questionable because moulds frequently colonize ham surface in the presence of yeasts [3] .
Information on the antagonistic activities of yeasts isolated from dry-cured meat products against toxigenic fungi is scarce [35] : recent study differentiated yeasts isolated from dry-cured ham according to their inhibitory effect in vitro against an OTA-producing P. nordicum strain [19] . Although the mechanisms underlying the observed inhibition were not yet investigated, it is likely that the presence of a high yeast population (10 8 cfu/mL) may restrict the availability of nutrients and sites for colonization, essential for the germination of mould spores [36] . Significant differences were found among assayed yeasts in terms of % inhibitory activity, being H. burtonii and C. zeylanoides the most, and D. hansenii the least effective in inhibiting P. nordicum growth.
D. hansenii is the predominant species in dry-cured ham isolates during processing [15, 17] , but this predominance becomes more remarkable in fully matured products. The high occurrence of D. hansenii in dry-cured meat products is most probably due to its moderately halophilic properties, accounting for its optimal growth at 3-5% salt [37] . A recent study demonstrated that a higher number of D. hansenii strains isolated from dry-cured meat products were able to growth up to 15% NaCl if compared to C. zeylanoides [16] . However, the lowest inhibitory activity exerted in the present study by D. hansenii against P. nordicum could be predictive of less effectiveness of this yeast as biocontrol agent.
The occurrence of C. zeylanoides was found to decrease from early to late processing steps [16, 17] : in Italian dry-cured hams, though isolated up to final maturation, the incidence on muscle surface was lower during maturing phases than at the beginning of processing [15] . So, even if in vitro tested strains of C. zeylanoides highly inhibited P. nordicum, under dry-curing plant conditions (fluctuation of temperature, relative humidity, air circulation, decrease of water availability in surface muscle), C. zeylanoides, having been found to fail in maintaining high populations in matured dry-cured ham, could have less ecological fitness than D. hansenii. Furthermore, C. zeylanoides was included among emerging pathogenic yeasts [18] and considered unsuitable as biocontrol agent.
Hyphopichia burtonii, referred to as "yeast-like fungi", was isolated from dry-cured hams after surface fat application during maturation. The yeast was probably introduced by the rice flour mixed with the spreadable pork fat (sugna) used at mid maturing to prevent excessive dehydration of ham surface [15] . It was reported as capable of inhibiting the spore germination of P. verrucosum and the growth of P. roquefortii [22, 38] , and the interest in this species is confirmed by the performance against P. nordicum showed in the present study. Otherwise, the attribution of H. burtonii to dry-cured ham native yeasts is questionable and its potential as biocontrol agent against P. nordicum should be tested in ripening plant conditions, before sugna application.
Debaryomyces maramus and C. famata (the anamorphic form of D. hansenii) were isolated throughout the processing of Parma ham and other traditional Greek and Spanish dry-cured products [15, 39, 40] , even less frequently than D. hansenii and C. zeylanoides. In the case of orange fruits, a C. famata population (10 study C. famata exerted lower inhibition against P. nordicum than H. burtonii and C. zeylanoides, and an higher inhibition than D. hansenii. Penicillium contamination in cured meat production facilities and products was found to be affected by a large variability [4, 42] : accordingly, the biocontrol test was performed using inoculation levels of P. nordicum corresponding to 10 2 , 10 4 , 10 6 conidia/mL. Yeast inhibitory activity was affected by fungal concentration: at the lowest inoculum level, yeast biocontrol was more effective (P < 0.05), showing that the concentration of the mould is a key factor for yeast effectiveness. As a consequence, in future in vivo applications of antagonistic yeasts for dry-cured ham biocontrol, it will be important to keep the population of contaminating moulds as low as possible, in agreement with processing procedures for high quality dry-cured meat products aimed at this specific target [43] . Among yeast dominant species isolated from dry-cured hams, the tolerance to NaCl has been evidenced [16, 19] , a property enabling autochthonous yeasts to colonize and prevail in dry-cured ham surface microflora: this halotolerance is in agreement with the positive effect of 3% NaCl presence upon yeast inhibition activities. The same tolerance was recently demonstrated also for P. nordicum, capable of growing and producing OTA in dry-cured pork samples in the presence of 5% NaCl and 0.90 a w [14] . A significant interaction "yeast × salt" was found and displayed in Figure 2 . The inhibitory activity was significantly enhanced by 3% NaCl only for Debaryomyces spp., mostly in the case of D. hansenii.
The tested strains of D. hansenii gave, on average, the least inhibition among tested yeasts, but, thanks to its halophilic aptitude [37] , may be that NaCl had a key role in inhibition expression. Some authors found that D. hansenii was able to synthesize toxic proteins with killer capacity against sensitive strains, but the lethal activity of these toxins was demonstrated or increased only in the presence of NaCl [44, 45] . Other tested yeasts did not show any difference due to NaCl presence in the medium.
The biocontrol by means of antagonistic yeasts is a potential strategy both against toxigenic moulds and to prevent or minimize mycotoxin production. In this study, the production of OTA was examined when P. nordicum was in pure culture (control plates) or cultured with yeast strains (yeast-added plates). The temperature of the biocontrol test (20 °C) was previously found suitable for OTA high production in dry-cured pork model systems [14] . In the presence of yeasts, the growth inhibition of P. nordicum correlated with the sharp reduction of OTA (Table 3 ). In the above-mentioned test conditions, the competition for nutrients and space could be the mechanism inhibiting both P. nordicum growth and secondary metabolism, including OTA production [30] . In yeast-added plates, an average tendency of OTA production to increase according to P. nordicum inoculum concentration was found. In control plates, when the P. nordicum inoculum is low (10 2 conidia/mL), the nutrients not required for fungal growth could be used for OTA biosynthesis. Ochratoxin A frequency distribution into groups of equal frequency (33.3%) L, M and H changed according to yeast presence and species. Treated plates corresponded to low (L) or intermediate (M) OTA category production, while control plates fell mostly in high (H) category. In agreement with inhibitory activity values reported in Table 2 , D. hansenii gave OTA value frequency different from H. burtonii, C. zeylanoides and D. maramus, C. famata differed from H. burtonii and C. zeylanoides and D. maramus from H. burtonii. These results suggested that the same mechanism of biocontrol was effective against both P. nordicum growth and OTA production; otherwise, other studies reported that although the growth of spoilage fungi is inhibited by biocontrol of antagonistic yeasts, their metabolic activities are not necessarily reduced [21, 36] . The effect of 3% NaCl in control and yeast-added plates was examined with reference to OTA production ( Figure 3 ): in control plates with NaCl, OTA reached higher values than in without-salt counterparts, suggesting a salt-stress related increase in mycotoxin biosynthesis. Otherwise, the presence of NaCl improved yeast biocontrol, enabling an almost total inhibition of OTA production. This finding is in agreement with the "NaCl" positive effect against P. nordicum growth in yeast-added plates (Table 2) . Yeasts were also reported for decreasing OTA content by adsorbption on the external and internal part of the cells, sequestering the toxin or even degrading it [46] ; the cell wall has a chemical composition that varies from yeast to yeast, regulating the adsorption/non-adsorption activity of yeasts [47] . The assay made to check OTA stability and recovery in control and yeast-added plates (Table 6 ), shows that OTA was stable in YPD medium with and without NaCl, and OTA recovery was not affected by yeast presence. In this respect, the sharp decrease of OTA in treated plates cannot be ascribed to degradation or adsorption by yeasts. Moreover, even in the case of adsorption, the usage of methanol for extraction, by denaturing yeast parietal protein, allowed OTA to be recovered (75-85% recovery range).
Conclusions
This study demonstrated that selected strains of yeasts isolated from dry-cured ham, exerted in vitro inhibition activity against P. nordicum cultured in the presence of high yeast population (10 8 cfu/mL). The inhibition was effective against both fungal growth and OTA production, and was significantly influenced by yeast species, level of fungal contamination and NaCl presence in culture medium.
NaCl promoted a significant increase of biocontrol activity, favoring the most halophilic yeast strains such as D. hansenii, but other species exerted a more efficient control on P. nordicum growth and OTA synthesis. The antagonistic activity of tested yeasts was negatively affected by increasing levels of fungal contamination. Assayed yeasts could be effective biocontrol agents for dry-cured meat products, if capable of quickly growing and long lasting. In this respect, future works will be aimed to test the efficacy of different yeasts species in ripening plants, to optimize the inoculum distribution and to achieve suitable conditions for yeast stable and efficient colonization of product surface.
